Some individuals control their ethanol consumption throughout life, but others escalate their intake to levels that increase the risk for addiction. The early environment influences the individual response to ethanol and affects the underlying physiological processes that lead to a transition from a voluntary to a compulsive use of ethanol. However, the neurobiological substrates for these processes are not understood. The present study aimed to test the hypothesis that early environmental experiences affect the neurobiological effects that are induced by voluntary ethanol consumption. Rat pups were subjected to three different rearing environments: conventional animal facility rearing or separation from dam and littermates for either 15 or 360 min. In adulthood, the rats were exposed to a two-bottle free choice between ethanol and water for seven weeks. Tissue levels of dopamine, 5-hydroxytryptamine (5-HT) and their metabolites were measured in brain areas that have been implicated in reward and addiction processes. Differences in ethanolinduced effects were noted in 5-HT-related measurements in the nucleus accumbens and ventral tegmental area and in dopamine-related measurements in the dorsal raphe nucleus (DRN). These results provided evidence of an early environmental impact on interactive neuronal circuits between the DRN and reward pathways. The amygdala, a key area in addiction processes, was particularly sensitive to early-life conditions. The animals that experienced the longest separation differed from the others; they had low basal 5-HT levels and responded with an increase in 5-HT after ethanol. These altered responses to initial ethanol consumption as a result of early environmental factors may affect the transition from habitual to compulsive drinking and contribute to individual vulnerability or resilience to addiction. 
Introduction
Ethanol consumption may progress into excessive drinking and addiction in susceptible individuals, but others can sustain a controlled intake over time. The basis for these differences is not understood but may relate to the individual's neurobiological responses to ethanol exposure. Increasing evidence supports a relationship between the initial behavioural and neurobiological responses to drugs of abuse and the risk for the development of addiction. For example, the first responses to ethanol (Gianoulakis, 2001; Schuckit et al., 2004a) , cannabis (Le Strat et al., 2009 ) and nicotine (DiFranza et al., 2007) relate to the susceptibility for later misuse. During prolonged ethanol consumption the ethanol-induced effects on central neuronal circuits gradually change through partly unknown mechanisms Koob et al., 1998a) . Individual differences in these processes, which are determined by genetic and environmental factors, may affect the vulnerability to addiction (Dick and Foroud, 2003; Kreek et al., 2004; Schuckit et al., 2004b) . The influence of early environmental factors is of special interest because early experiences affect the developing brain and can cause long-term changes in function (Anand and Scalzo, 2000; Andersen, 2003) . Environmentally induced alterations may result in an increased propensity for ethanol addiction (De Bellis, 2002; de Kloet et al., 2005; Kendler et al., 2000) or provide protection through interactions with genetic predispositions (Nilsson et al., 2006; Roman et al., 2003) .
The neurobiological basis for environmental influence may include central monoamine systems. Together with other neurotransmitters, monoamines play a crucial role in the effects of ethanol (Cowen and Lawrence, 2006; Diamond and Gordon, 1997; Koob, 2003a) . In particular, dopamine (DA) and 5-hydroxytryptamine (5-HT) appear to be involved in both acute and chronic ethanol-induced effects (Boehm et al., 2005; Vengeliene et al., 2008) . The mesocorticolimbic DA system contributes to the initial reinforcing effects of ethanol (Imperato and Di Chiara, 1986; Koob et al., 1998b; McBride and Li, 1998) , but several studies also support the involvement of the 5-HT system in ethanol reward (Boehm et al., 2005; Grant, 1995; Heilig and Egli, 2006; LeMarquand et al., 1994; Yoshimoto et al., 1992) . Furthermore, dysfunction in central 5-HT transmission is implicated in vulnerability to ethanol addiction (Barr et al., 2003; McBride and Li, 1998; Oreland et al., 2004; Tabakoff et al., 2009) .
The rodent maternal separation (MS) model is commonly used to study the impact of the early environment on ethanol consumption behaviour and on ethanol-induced effects. In MS studies, different early-rearing conditions are simulated under controlled conditions followed by an assessment of the consequences later in life (Jaworski et al., 2005; Lehmann and Feldon, 2000; Pryce and Feldon, 2003) . MS has been previously employed in studies of early environmental impact on neuronal networks and behaviour (for reviews see Holmes et al., 2005; Ladd et al., 2000; Pryce and Feldon, 2003) and on ethanol consumption (for review see Moffett et al., 2007; Roman and Nylander, 2005) . In addition, MS studies have generated evidence of early environmental influences on later responses to the administration of drugs of abuse, such as central stimulants (Matthews et al., 1999) and opiates (Kalinichev et al., 2002) . Recently, we reported that MS alters the effects of long-term voluntary ethanol drinking on endogenous opioids in adult rats (Gustafsson et al., 2007) . These differences may be caused by basal neurobiological differences that are induced early in life within opioid networks (Gustafsson et al., 2008) . Previous studies have shown that changes in postnatal rearing conditions have long-term effects on central DA (Arborelius and Eklund, 2007; Brake et al., 2004; Ploj et al., 2003) and 5-HT (Arborelius and Eklund, 2007; Arborelius et al., 2004; Aslund et al., 2009; Gartside et al., 2003; Matthews et al., 2001; Neumaier et al., 2002; Smythe et al., 1994; Vicentic et al., 2006) systems. However, it is not clear how these changes relate to ethanol intake. How early environmental factors affect ethanolinduced effects on central DA and 5-HT systems are not known.
Based on the role of monoamines in the actions of ethanol and in the individual propensity to develop ethanol addiction, the present study was designed to address the impact of early environmental factors on ethanol-induced effects on DA and 5-HT. Although effects on monoamines have been reported in the literature, most studies have described the effects of ethanol using forced consumption paradigms (Druse et al., 1997) or after the passive administration of ethanol (e.g., injection) (LeMarquand et al., 1994; Murphy et al., 1988) . In addition, the majority of studies have examined the effects of ethanol using ethanol-preferring animals that are selectively bred for their high voluntary consumption (Casu et al., 2004; McBride et al., 1989; Murphy et al., 1983) . In the present study, the effects of voluntary ethanol drinking were examined using outbred Wistar rats with different early environmental histories. We hypothesised that early environmental experiences would cause long-term changes in DA and 5-HT networks and, as a consequence, would alter the responses to ethanol later in life. If this hypothesis is true it implies that early environmental factors can affect the progress from moderate drinking to compulsive use. In the current study, three different rearing conditions were established; 1) rat pups and dam were kept together until weaning to examine the effects of ethanol in rats that were subjected to conventional animal facility rearing (AFR), and rat pups were subjected to daily 2) short (15 min; MS15) or 3) prolonged (360 min; MS360) separations from the dam and littermates to examine the impact of disturbed early social interactions on the effects of ethanol later in life. In adulthood, the rats were exposed to a two-bottle free choice between ethanol and water for seven weeks, and the neurobiological consequences were studied. The effects on DA, 5-HT and their metabolites were analysed in different brain areas that are related to the reward and addiction processes.
Results

Early environmental effects on adult ethanol and water consumption
Ethanol and water intakes were measured daily during seven weeks of continuous access to a free choice between ethanol and water. No differences in voluntary ethanol intake were observed between the MS15 (maternal separation for 15 min), MS360 (maternal separation for 360 min) and AFR (animal facility rearing) rats during the two weeks of increasing ethanol concentration, either during the four-day access to 2% [H = 1.58; p = 0.45], the four-day access to 4% [H = 2.21; p = 0.33] or the six-day access to 6% [H = 2.16; p = 0.34]. During the last five weeks before the neurochemical analyses, the rats had free choice between 8% ethanol and water and the ethanol consumption is shown in Fig. 1A . No differences in ethanol intake between MS15, MS360 and AFR rats were seen during these five weeks [H = 4.43; p = 0.11]. The total ethanol load during the experiment was 49.6 g/kg (min-max 30.0-101.0) in the AFR group, 48.2 g/kg (min-max 20.4-102.0) 
2.2.
Early environmental effects on basal and ethanolinduced levels of monoamines DA, 5-HT and their metabolites were measured in the frontal cortex, cingulate cortex, nucleus caudatus/putamen, nucleus accumbens (NAcc), ventral tegmental area (VTA), amygdala, hippocampus and dorsal raphe nucleus (DRN). A complete presentation of these measurements and the statistical results are given in Supplementary Table 1. Two different DA metabolites were measured: 3,4-di-hydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA). DOPAC is mainly produced intracellularly by monoamine oxidase (MAO) A or B. The formation of HVA is dependent on the activity of both intracellular MAO and extracellular catechol-O-methyl transferase. The 5-HT metabolite 5-hydroxyindole acetic acid (5-HIAA) is mainly formed intracellularly by MAO. The amount of metabolite formed reflects changes in the amount of neurotransmitter that is released, and therefore, changes in metabolite formation are often used as indicators of neuronal activity (McBride et al., 1989) . In the present study, changes in metabolite formation in relation to neurotransmitter levels were further illustrated by the metabolite/transmitter ratio that has been suggested to reflect turnover (Table 1) .
A two-way ANOVA revealed a significant effect of the rearing condition in the NAcc, VTA and frontal cortex (Figs. 2-3) . These results showed that the levels of monoamines or their metabolites differed between MS15, MS360 and AFR rats. A statistically significant main effect of voluntary ethanol consumption was observed in the cingulate cortex, NAcc and DRN (Figs. 2-4) . A significant interaction effect between the rearing condition and ethanol intake was found in the amygdala, which showed that the ethanol-induced effects were dependent on prior rearing condition (Fig. 5) . The specific differences in each brain area are described below.
In the NAcc and VTA differences in DA and 5-HT measurements between MS15, MS360 and AFR were observed (Fig. 2) . In the NAcc, an overall difference between the rearing conditions MS15, MS360 and AFR on 5-HT levels was observed [F(2,82) = 4.29; p < 0.05], with lower 5-HT levels in the water- Fig. 1 -Ethanol and water consumption in adult rats. The rats were exposed to individual maternal separation (MS) for either 15 min (MS15) or 360 min (MS360) or AFR during the postnatal period. The rats had free access to ethanol and water using a two-bottle paradigm for seven weeks. The graphs illustrate the weekly 8% ethanol (A) and water (B) consumption during the last five weeks before the neurochemical analysis. Data are shown as medians± 1st and 3rd percentiles (box). The whiskers extend to show the highest and lowest values. * p < 0.05, ** p < 0.01; compared to the ethanol intake the preceding week in each group (Wilcoxon signed rank test). + p < 0.05, ++ p < 0.01; compared to the first week with 8% ethanol in each group (Wilcoxon signed rank test).
drinking MS360 rats compared to the water-drinking MS15 and AFR rats ( Fig. 2A ). In the MS15 rats ethanol intake resulted in lower levels of 5-HT in the NAcc compared to water-drinking MS15 rats ( Fig. 2A) . No differences between groups were found in 5-HIAA levels (Fig. 2B ). An overall effect of ethanol on the 5-HIAA/5-HT ratio in the NAcc [F(1,81) = 4.07; p < 0.05] was observed and post-hoc analysis revealed a significantly higher 5-HIAA/5-HT ratio in ethanol-drinking than in water-drinking MS15 rats (Table 1A) . In the VTA, no differences were observed in 5-HT levels ( Fig. 2C ) whereas 5-HIAA levels differed between groups [F(2,76) = 3.17; p < 0.05] with lower 5-HIAA levels in ethanol-drinking MS15 rats compared to ethanol drinking AFR rats (Fig. 2D ).
In the frontal cortex, no differences were observed in 5-HT levels ( Fig. 3A) , but the 5-HIAA levels differed between groups [F(2,84) = 3.43; p < 0.05] with lower levels in the water-drinking MS360 rats compared to water-drinking MS15 rats (Fig. 3B) . No difference in 5-HIAA/5-HT ratio was observed (Table 1 ). In the cingulate cortex, ethanol drinking affected 5-HT levels; an overall difference in 5-HT levels [F(1,76) = 4.31; p < 0.05] was observed with higher levels in ethanol-drinking rats than in water-drinking rats. However, this difference did not persist in the post-hoc comparison between ethanol-and waterdrinking rats in the separate groups (Fig. 3C ). No differences were observed between the rearing groups or after ethanol on 5-HIAA levels ( Fig. 3D ) or 5-HIAA/5-HT ratio in the cingulate cortex (Table 1A) .
In the DRN, the levels of DA, DOPAC and HVA were not significantly different within the DRN (Fig. 4A-C) although the interaction effect between rearing condition and ethanol on DA and DOPAC levels was nearly significant (p = 0.072 and p = 0.056, respectively). A higher (DOPAC + HVA)/DA ratio was found after ethanol consumption [F(1,52) = 4.23; p < 0.05], and this effect was mainly due to the significantly higher ratio in the ethanol-drinking rats relative to the water-drinking MS15 rats (Table 1B) .
In the amygdala, the significant interaction effect between the rearing environment and ethanol revealed that voluntary ethanol consumption affected DA and 5-HT systems differently depending on the early rearing environment. A significant interaction between the rearing environment and ethanol was observed with 5-HT levels [F(2,84) = 5.48; p < 0.01] and the 5-HIAA/5-HT ratio [F(2,84) = 4.21; p < 0.05]. The waterdrinking MS360 rats had lower levels of 5-HT ( Fig. 5A ) and a higher 5-HIAA/5-HT ratio (Table 1A) than the water-drinking AFR rats. In addition, ethanol increased 5-HT levels and decreased the 5-HIAA/5-HT ratio in the MS360 group. Conversely, ethanol decreased 5-HT levels in AFR rats (Fig. 5A ), but did not affect the 5-HIAA/5-HT ratio (Table 1A ). The levels of 5-HIAA were not different between the groups or affected by ethanol (Fig. 5B ). The levels of DA ( Fig. 5C ) and DOPAC ( Fig. 5D) were not significantly different between groups. The HVA levels were near or below the detection limit and could not be detected in the amygdala. However, an interaction effect was observed for the DOPAC/DA ratio [F(2,66) = 3.84; p < 0.05] with a significantly lower DOPAC/DA ratio in the ethanol-drinking MS360 rats compared to the ethanol-drinking AFR rats (Table 1B) .
Effects of the early environment and voluntary ethanol drinking on body weight and food intake
The body weights were measured throughout the experiment to examine whether the MS per se resulted in body weight changes and also to examine any effects of ethanol consumption on body weight gain. The mean pup weight in the MS15, MS360 and AFR litters during the first three postnatal weeks are shown in Table 2 . A two-way ANOVA revealed a significant effect of rearing environment [F(2,64) = 14.37; p < 0.0001] (Table 2A) . All rats showed an increase in body weight as shown by the significant effect of age [F(3,64) = 1133.98; p < 0.0001]. There was no significant interaction between rearing environment and age [F(6,64) = 2.04; p = 0.07], which indicated similar weight gain in the MS15, MS360 and AFR rats.
In adult rats, the body weight differed between adult MS15, MS360 and AFR groups [F(5,85) = 2.49; p = 0.04]. The MS360 rats weighed less than the MS15 rats and the AFR rats before access to the two-bottle free choice between ethanol and water (Table 2B ). There were no significant differences between the rats assigned for ethanol or water consumption. Repeated ANOVA showed that all rats had an increase in weight during the seven-week drinking period [F(1,85) = 3784.73; p < 0.0001], and the weight gain was similar, as evidenced by the non- Table 1 -5-HT turnover (A) and DA turnover (B) expressed as the ratio between the transmitter and metabolite(s) in adult rats. The rats were subjected to three different rearing conditions during the first three postnatal weeks, 15 min individual MS (MS15), 360 min individual MS (MS360) and animal facility rearing (AFR). The tissue levels were measured in different brain areas after seven weeks of voluntary ethanol intake (E) or water intake (W).
Brain region AFR MS15 MS360
A At the end of the drinking period, the water-drinking MS360 rats weighed less than the water-drinking AFR rats. No differences in body weight were observed between ethanol-drinking AFR, MS15 and MS360 rats after seven weeks of voluntary consumption. The food intake was measured to evaluate effects of the rearing condition and effects of ethanol consumption in the three experimental groups. However, no differences were observed in food intake between the AFR, MS15 and MS360 groups (data not shown).
Discussion
The primary finding in the present study was that the neurobiological effects elicited by voluntary ethanol consumption in adult rats depended on previous early environmental experiences. The long-term consequences of three different rearing conditions were studied: one group of rats was subjected to conventional animal facility rearing (AFR), and two groups of rats were separated daily from the dam and littermates for either 15 min or 360 min (MS15 and M360). The present study showed that the ethanol intake during the first seven weeks of voluntary consumption was similar in the AFR, MS15 and MS360 groups. Therefore, the assessment of the neurobiological consequences of voluntary ethanol consumption could be performed without the confounding effects of differences in ingested ethanol. The present study revealed interesting differences in DA and 5-HT systems that support the hypothesis that early environmental conditions determine the sensitivity of central monoamines to ethanol during the early phases of voluntary consumption. In mesocorticolimbic areas, the results pointed to environment-induced alterations in 5-HT transmission. We found that the MS360 rats had lower basal 5-HT levels in the NAcc than both MS15 and AFR rats (see Fig. 2A ). Low 5-HT levels in rats subjected to the longest separation, which simulated a risk environment, is in line with previous findings in rats with different innate propensity for high voluntary ethanol consumption. Altered 5-HT neurotransmission in the NAcc has been found in the sP rats that have a genetic high ethanol preference, which showed a lower density of the 5-HT transporter in the NAcc than the non-preferring sNP rats (Casu et al., 2004) . Ethanol consumption in the MS15 rats resulted in the lowering of 5-HT levels to levels seen in the MS360 and AFR rats. Because the 5-HIAA levels in the MS15 rats were not affected by ethanol (see Fig. 2B ), a significantly higher 5-HIAA/5-HT ratio was observed (see Table 1 ). An increase in 5-HT turnover could indicate an increased 5-HT activity after ethanol. However, the 5-HIAA levels were unaffected and the lower 5-HT levels may also be a result of decreased synthesis rather than an increase in release. Further studies on e.g. tryptophan hydroxylase, MAO and transporter proteins are necessary to elucidate the ethanol-induced effects on 5-HT transmission. Many studies support a regulating role of 5-HT on central DA activity (for review see Di Matteo et al., 2008) and it has previously been suggested that 5-HT tonically inhibits DA-dependent reward networks in the NAcc, and that 5-HT plays an important role in reward-related behaviour (Liu and Ikemoto, 2007; Nakamura et al., 2008) . The present results indicated that voluntary ethanol consumption for seven weeks affected the inhibitory control that 5-HT exerts on the mesolimbic DA system in MS15 rats. However, we did not observe any differences in DA measurements in this region. The lack of effects of ethanol on DA measurements in the NAcc and VTA after seven weeks of drinking is consistent with results from other studies that have described a reduced or eliminated response to ethanol in tolerant rats (Murphy et al., 1988) . In drug-naïve rats, acute local perfusion of ethanol increases both DA and 5-HT in the dialysate from the NAcc (McBride et al., 1993; Yoshimoto et al., 1992) , but in ethanoldrinking rats or in rats made tolerant to ethanol, these initial effects are attenuated (Murphy et al., 1983 (Murphy et al., , 1988 . It is worth noting that mesolimbic DA may have been affected by longterm ethanol drinking, although with ethanol present in the body and with the limitations of the method used in this study, these effects may not have been detected (e.g., changes in reuptake or in the number and/or efficacy of DA receptors).
The serotonergic innervation of the NAcc originates from the DRN (Van Bockstaele et al., 1993) . In the DRN, no changes in 5-HT or 5-HIAA levels were observed after ethanol consumption. However, the DOPAC + HVA/DA ratio was higher, which indicated a higher turnover and an increase in dopaminergic activity. Similar to the NAcc, the ethanol-induced effects were observed only in the MS15 rats (see Fig. 4 and Table 1 ). There were also trends that indicated differences between experimental groups in the ethanol-induced effects on both DA and DOPAC in the DRN. DA-containing neurons in the DRN regulate 5-HT neurons (Ferre and Artigas, 1993) and constitute a link with the NAcc in an interactive neuronal circuit (Brown and Molliver, 2000; Daw et al., 2002; Ferre et al., 1994; Stratford and Wirtshafter, 1990) . In light of these neuronal interactions and the role of 5-HT in the regulation of reward processes, it is interesting to note that the altered ethanol-induced effects in the DRN of adult rats depended on previous early environmental experiences. The rats from the MS15 rearing condition were more sensitive to ethanol-induced changes in the NAcc and DRN than the other rats. How these neurobiological findings affect ethanol consumption in the long run in these rats remains to be elucidated. In the frontal cortex, adult rats subjected to MS360 had lower levels of 5-HIAA compared to MS15 rats (see Fig. 3B ). These results suggested an altered basal metabolism or neurotransmission of 5-HT in the frontal cortex as a consequence of the longer separation time. Low frontal cortical 5-HIAA levels have been linked to impulsiveness (Higley et al., 1991) . Because impulsivity is closely linked to addictive behaviour both as a cause and a consequence (de Wit, 2009 ), altered basal 5-HT transmission in the MS360 rats may have affected their ethanol consumption in a long-term perspective.
Table 2 -The body weights of young (A) and adult (B) rats subjected to three different rearing environments during the first three postnatal weeks. The body weight is expressed as g ± standard error of the mean. MS15 = 15 min individual MS; MS360 = 360 min individual MS; AFR = animal facility rearing; W = water-drinking rats; E = ethanol-drinking rats.
A. The mean pup weight in the MS15 (n = 6), MS360 (n = 6) and AFR (n = 7) litters during postnatal day (PND) 0-22. Lower levels of 5-HT and 5-HIAA have for example been shown in the frontal cortex of ethanol-preferring sP rats compared to the sNP rats (Devoto et al., 1998) . Prolonged separations from the dam relate to higher exploratory behaviour and altered risk-taking and risk assessment in the offspring (Roman et al., 2006) . However, the differences observed between groups in the present study did not result in different ethanol intake when the rats were given free access to ethanol for seven weeks. A longer drinking period may be necessary to reveal any differences in ethanol consumption behaviour. A behavioural profile including impulsive, risk-taking and exploratory behaviour may relate to the propensity to escalate drinking in a voluntary paradigm. Interestingly, the differences in the levels of 5-HIAA between MS15 and MS360 rats were abolished in ethanoldrinking rats, which indicated that 5-HIAA levels increased after ethanol in MS360 rats to levels seen in the MS15 and AFR rats.
Increased 5-HIAA levels in the frontal cortex have been reported after ethanol injections in the ethanol-preferring P rats in both naïve and ethanol-tolerant rats (Murphy et al., 1988) . Our results indicated that ethanol elicited similar effects in MS360 rats reared in a risk environment as rats that have been selectively bred for ethanol preference. Murphy et al. also described that acute ethanol affected DOPAC and HVA levels in the frontal cortex in naïve P rats but not in ethanol-tolerant rats (Murphy et al., 1988) , which is consistent with our finding of no effect on DA measurements in ethanol-drinking rats. The present study provided evidence of different ethanolinduced effects in the amygdala depending on the early environmental rearing condition. MS360 rats had lower basal 5-HT levels than AFR rats, but 5-HIAA levels were similar. Consequently, the 5-HIAA/5-HT ratio was higher in the MS360 rats (see Fig. 5 and Table 1 ). These results indicated an altered 5-HT transmission in rats reared in a more stressful environment, and this result is consistent with the notion that amygdala is sensitive to early stress (Pechtel and Pizzagalli, 2011; Tottenham and Sheridan, 2009) . From clinical studies, it is evident that childhood adversity is associated with neurobiological and behavioural deficits that are related to cognitive and emotional functions later in life (De Bellis, 2002; Nemeroff, 2004) . Early stressful experiences alter neuronal development (Anand and Scalzo, 2000; Andersen, 2003) , and the amygdala is a brain area that is particularly sensitive to early environmental influence (Pechtel and Pizzagalli, 2011; Tottenham and Sheridan, 2009) . Previous animal studies using MS have also shown that the amygdala is a target for postnatal influence (Arborelius and Eklund, 2007; Davis and Whalen, 2001; Ebner et al., 2005; Gustafsson et al., 2007; Oreland et al., 2010) . As for ethanol-induced effects in the present study, differences were found in MS360 and AFR rats, but MS15 rats were seemingly unresponsive to ethanol consumption in the amygdala. These results are interesting in light of the proposed role of the amygdala in adaptive processes during chronic drug intake and, especially, in the transition to compulsive states Koob, 2003b) . Voluntary ethanol consumption resulted in opposite effects in the MS360 and AFR rats; ethanol caused higher 5-HT levels in the MS360 rats but lower 5-HT levels in the AFR rats (see Fig. 5 ). These differences need to be further investigated, but the results provided clear evidence of the influence of early environmental factors on adult responses to voluntary ethanol drinking in the 5-HT system. The DOPAC/DA ratio was also affected differently in the three experimental groups as evidenced by the significant interaction between the rearing environment and ethanol (see Fig. 5 ). The DOPAC/DA ratio was lower after ethanol consumption in the MS360 rats but higher in the AFR rats. In the MS360 rats, the low ratio was due to lower DOPAC and somewhat higher DA levels, which may indicate a lower DA activity. These results are contrary to the results in the AFR rats in which a higher ratio after ethanol was observed which may suggest increased DA activity. A recent study using Wistar-Kyoto rats that were reared like our AFR rats showed that ethanol consumption increases DA transporter sites in the amygdala (Jiao et al., 2006) , although the interpretation of this increase is unclear. The increase in DA transporter sites may reflect a direct effect of ethanol or an indirect compensatory effect due to ethanol-induced increase in DA release.
The basis for the different responses to ethanol in the present study is at present not known but is of interest to study further. The effects of a drug are evaluated in the amygdalar region, and the elicited effects are important for the individual decision whether to continue drug intake (Belin et al., 2009; Robbins et al., 2008) . Therefore, differences in ethanol-induced effects in rats subjected to different early rearing environments, as observed particularly in the amygdala, are likely to have consequences for the continued ethanol intake. We have recently shown that early environmental experiences affect later ethanol-induced effects also on opioid peptides in the amygdala (Gustafsson et al., 2007) . The relevance of these previous and the present findings that revealed a strong influence of early environmental factors on the ethanol-induced effects on opioid and monoamine systems in the amygdala needs to be addressed in further studies.
Previous reports of ethanol consumption in rats using the individual MS paradigm have not been congruent. In rats subjected to short (3 min) individual separation, a lower ethanol intake is observed compared to AFR rats (Weinberg, 1987) . A 15 min separation during the first week of life results in higher intake of 5% beer on random days (Lancaster, 1998) . A 60 min separation of rat pups causes higher ethanol intake in adulthood (Hilakivi-Clarke et al., 1991) .
Our results confirmed that the outcome of individual MS clearly differed from litter-wise MS. The latter MS paradigm results in low ethanol consumption after short periods of MS and a propensity for high ethanol intake after prolonged MS Huot et al., 2001; Jaworski et al., 2005; Moffett et al., 2007; Roman and Nylander, 2005) . Therefore, short litter-wise separations are required to simulate a rearing environment that leads to low adult ethanol consumption in the MS model, but this protective effect is abolished with individual MS. The current results are consistent with comparative neurobiological studies that have used litter-wise and individual MS paradigms. These studies have shown pronounced differences in central peptidergic systems and serotonergic receptors between individual and litter-wise MS15 groups, but not between individual and litterwise MS360 groups (Gustafsson et al., 2008; Oreland et al., 2010) .
The results on body weight show that MS360 rats had lower body weight the first postnatal weeks, most pronounced at PNDs 7 and 16. This difference persisted into adulthood when MS360 rats still weighed less compared to the other two groups. This finding is in agreement with our previous studies showing that MS360 rats had lower body weight during the second postnatal week and that the differences between rearing groups persisted in individually separated rats but not in litter-separated rats (Gustafsson et al., 2008; Oreland, 2009) . However, ethanol consumption in the present study did not affect the body weight, all rats increased approximately 40% during the consumption period and no differences were observed in food intake. These results show that the effects on monoamines observed in the present study were not confounded by differences in body weight or food consumption.
In conclusion, this study provided novel information about ethanol-induced effects during the early phases of voluntary drinking in rats without a genetic high ethanol preference. We found that the effects of voluntary ethanol consumption on DA and 5-HT measurements in brain areas that are related to reward and addiction processes were dependent on early environmental experiences. Distinct ethanol-induced effects were observed in the amygdala and these environmentally induced alterations in ethanol responses may contribute to the individual differences that are observed in the transition from voluntary controlled drinking to excessive use i.e., to individual vulnerability or resilience for addiction.
4.
Experimental procedures
Animals
Pregnant Wistar rats (Scanbur BK AB, Sollentuna, Sweden) were individually housed on their arrival on gestation days 14-15. The dams were housed in standard makrolon cages (59 × 38 × 20 cm) containing wood chip bedding and nesting material and were maintained on food pellets (R36 Labfor, Lactamin AB, Vadstena, Sweden) and water ad libitum. All animals were housed in temperature-(22 ± 1°C) and humidity-(55 ± 10%) controlled cabinets maintained on a 12-h light:12-h dark photoperiod with lights on at 06:00. All animal experiments were performed following an approved protocol in accordance with the Uppsala Ethics Committee and the Swedish Animal Protection Legislation.
Maternal separation (MS)
On the day of birth (day 0), the sex of each pup was identified before they were culled into litters with five males and four females. The litters were randomly assigned to one of three rearing environments: 1) daily 15 min of individual MS (MS15, n = 6 litters), 2) daily 360 min of individual MS (MS360, n = 6 litters), or 3) standard animal facility rearing conditions (AFR, n = 7 litters). The separations occurred once daily between postnatal days (PND) 1 and 21 as previously described in detail (Gustafsson et al., 2008) . First, the dam and then the pups were removed from the nest. The rat pups were placed individually in makrolon cages (26 × 20 × 14 cm) containing wood chip bedding material in a warm cabinet (31.5 ± 0.2°C) to avoid hypothermia. These cages were changed every third day. The rat pups were separated from each other using a metal cross that divided each cage into four compartments. Separation sessions were performed during the light period with the first MS15 litter starting at 09:00 and the first MS360 litter starting at 09:30. Only one person entered the room and performed all of the separations and care of the rats. Gloves were used during all contact with the animals. During the separations, the dams in the MS15 groups were moved to other cages and the pups were returned before the dams. In the MS360 groups, the dams were returned to the home cages during the separations and moved again before the pups were returned. Home cages were changed twice during the MS period for all three groups with a small amount of old bedding material mixed with clean bedding material. All litters were weighed on PNDs 0, 7, 16 and at weaning PND 22. These days were the only occasions when the AFR animals were handled before weaning. The litters were weighed with the pups kept together and the mean pup per litter was calculated. On PND 22, the males were weaned and housed in the same experimental groups with 4-5 males per cage (59 × 38 × 20 cm) during a period of seven weeks with standard animal facility rearing with changes of cages and water bottles once a week from PNDs 23 to 67.
Two-bottle free choice between ethanol and water
On PNDs 67-68, 58 male rats (MS15, n = 20; MS360, n = 19; AFR, n = 19) were placed in separate cages and introduced to a twobottle free choice paradigm between ethanol and water. The adult rats were weighed before access to ethanol and then every third day during the ethanol-drinking period. Food intake was measured every third day. During the ethanoldrinking period the rats were singly housed (59 × 38 × 20 cm cages) with a wooden house per cage and wood chip bedding material. The different ethanol concentrations were prepared from 95% ethanol diluted in tap water and were room temperature when placed in the cages. The rats were given access to a two-bottle choice between water and ethanol for seven weeks. The ethanol concentration was gradually increased during the first two weeks with access to 2% (v/v) ethanol for four days and four days of 4% ethanol followed by six days of 6% ethanol. Thereafter, the rats had free access to 8% ethanol and water for five additional weeks. Twenty-nine male rats (MS15W, n = 9; MS360W, n = 9; AFRW, n = 15) served as controls and were housed under the same condition but had access to two bottles containing water alone. Plastic 250-ml bottles with ball-valve nipples (Scanbur BK AB, Sollentuna, Sweden) were used. Bottle positions were randomised every day to avoid position preferences. The fluid intake was measured daily during the seven weeks. All measurements were made in the afternoon.
Dissection
After seven weeks of voluntary ethanol drinking, the rats were decapitated on PNDs 116 or 117 and the brains were dissected on ice using a pre-cooled rat brain matrix (ASI Instruments, Inc., Warren, MI). The brains were manually sliced with precooled razor blades in coronal sections (2-mm slots). The frontal cortex, cingulate cortex, nucleus accumbens (NAcc), caudate putamen, hippocampus, amygdala, ventral tegmental area (VTA) and dorsal raphe nucleus (DRN) were dissected according to the rat brain atlas of Paxinos and Watson (Paxinos and Watson, 1997) and immediately frozen on dry ice. The tissue samples were stored at −80°C until further analysis.
Monoamine content measurements
DA, 5-HT and their metabolites were assayed using high performance liquid chromatography with electrochemical detection. The rat brain tissues were homogenised with an ultrasonic homogeniser (Bandelin Sonopuls, Bandelin Electronic, Berlin, Germany) in an ice-cold solution of 0.1 M perchloric acid (30 or 50 μl/mg) containing 5 mM sodium bisulphite and 0.4 mM EDTA to avoid oxidation. The homogenate was then centrifuged at 17,000 × g for 10 min at 4°C. Aliquots (10 μl) of the obtained supernatant were chromatographed on a Luna C18(2) column (150 × 2 mm; 5 μm). The separation was performed in isocratic elution mode at a column temperature of 30°C using a mobile phase containing 0.05 M sodium citrate buffer at pH 3.7, 0.02 mM EDTA, 1 mM KCl, 1 mM sodium octylsulphonate and 5.6% acetonitrile. The chromatography system consisted of a pump set to isocratic conditions (Hewlett Packard HP 1100 Series), a temperatureregulated autosampler, a temperature-regulated column compartment and an HP 1049 electrochemical detector (Agilent, Waldbronn, Germany) with a glassy carbon electrode. The measurements were performed at an electrode potential of +0.7 V versus the Ag/AgCl reference electrode. The limits of detection at signal-to-noise ratio (S/N) = 3 were as follows: 0.080 pmol/mg tissue for DA; 0.100 pmol/mg tissue for homovanillic acid (HVA); 0.050 pmol/mg tissue for 3,4-di-hydroxyphenylacetic acid (DOPAC); 0.080 pmol/mg tissue for 5-HT; and 0.040 pmol/mg tissue for 5-hydroxyindoleacetic acid (5-HIAA).
In the hippocampus and amygdala, HVA was under the detection limit and was excluded.
Statistical analyses
Fluid consumption and food intake. These parameters were not part of a normal distribution and therefore non-parametric tests were used. Overall differences between MS15, MS360 and AFR groups were assessed using the Kruskal-Wallis analysis followed by the Mann-Whitney U-test. Overall changes in fluid intake during the five-week access to 8% ethanol were analysed using the Friedman test followed by the Wilcoxon signed rank test. Between-group differences in changes over time were compared using the Kruskal-Wallis analysis. Body weight and monoamine levels. Two-way analysis of variance (ANOVA) was used to examine the effects of rearing environment (MS15 vs. MS360 vs. AFR) and age (PND 0 vs. 7 vs. 16 vs. 22) on the mean pup weight in litters during the postnatal period. The individual body weight in adult rats before and after water/ethanol consumption was compared using a repeated measures ANOVA. Differences in the levels of DA, 5-HT and their metabolites were analysed using ANOVA. The effect of ethanol intake (ethanol vs water), the effect of rearing environment (MS15 vs. MS360 vs. AFR) and the interaction between ethanol and rearing environment were examined using two-way ANOVA. The Fisher's Protected Least Significant Difference (PLSD) test was used for post-hoc comparisons. Statistical analyses were performed with StatView v5.0.1 (SAS Institute Inc., Cary, NC) for Macintosh computers. Differences were considered significant at p < 0.05.
Supplementary materials related to this article can be found online at doi:10.1016/j.brainres.2011.06.031.
